INTRODUCTION
Magmatic Ni-Cu-PGE sulphide deposits are hosted towards the base of ultramafic and mafic igneous complexes and formed by efficient accumulation of immiscible sulphide liquids that scavenged chalcophile metals from the host silicate magma. Exploration work undertaken to identify Ni-Cu-PGE sulphide mineralization benefits from an understanding of whether the intrusions are anomalously depleted in highly chalcophile metals (PGE, Cu and Ni) as recorded by whole rock ratios or mineral phases, such as olivine. A measure of chalcophile depletion is given by comparison of whole rock Ni content with those expected for rocks of similar MgO content (Ni*) from S-undersaturated within plate basalts (Lightfoot et al., 2001) . Another measure of chalcophile depletion is the comparison of whole rock Cu with Zr as both behave incompatibly in the absence of sulphide. Thus low Cu/Zr and Ni/Ni* whole rock ratios imply that sulphides segregated from the magma. Magmatic Fe-oxides (magnetite and/or ilmenite) commonly crystallize from mafic and intermediate magmas and contain several chalcophile elements in trace abundance. The purpose of this mineralogical study was to investigate whether the geochemistry of Fe-oxides (magnetite and ilmenite) in the intrusions that host Ni deposits record sulphide saturation and segregation and whether this could then be used to help vector towards a sulphide deposit at depth. Magnetite and ilmenite from fertile intrusions have significant Ni and Cu depletions compared to Fe-oxides from intrusions barren of Nideposits. Therefore the chemistry of Fe-oxide minerals has the potential to identify intrusions with buried Ni-sulphide mineralization. This study is part of the Targeted Geoscience Initiative 4 (TGI-4: 2011-2015)-Magmatic-Hydrothermal Nickel-Copper-Platinum Group Element-Chrome
BACKGROUND AND OBJECTIVES
Magmatic Nickel-Copper-Platinum Group Element [Ni-Cu-PGE] sulphide deposits have accounted for most to the world's past and current production of nickel. Most Ni sulphide deposits consist of several closely adjacent but discrete orebodies having Ni grades typically between 0.7 and 3% and Cu grades between 0.2 and 2%. They share the following general characteristics: The role of magma dynamics in the concentration and enrichment of this important class of deposits has been much studied and the extraction of Ni from a magma to form a nickeliferous sulphide liquid plays a role in exploration strategy. For example, in ultramafic to mafic hosted deposits, Ni depletion in olivine can indicate sulphide segregation (e.g., Li et al., 2000, and references within) . However, olivine is less common or absent in mafic to intermediate-hosted deposits. Instead, could chalcophile element depletion in Fe-oxides (i.e. magnetite and ilmenite) in this case be used to vector towards mineralization?
There is growing interest in using trace element chemistry of magnetite as an indicator mineral in the exploration for many types of ore deposits (e.g., Dupuis and Beaudoin, 2011; Nadoll et al., 2012; Rusk et al., 2010) . Studies have shown that the trace element chemistry of magnetite, in particular Ni and Cr, from massive sulfide ore of magmatic Ni-Cu deposits can be used to discriminate these from deposits of hydrothermal origin, such as banded-iron formation, porphyry, volcanogenic massive sulphide and iron-oxide-copper-gold (Dupuis and Beaudoin, 2011; Dare et al. 2012) . Furthermore, detailed studies on magnetite from massive sulphides of Sudbury and other Ni-Cu-PGE deposits, including Voisey's Bay, show that magnetite trace element chemistry is very sensitive to fractionation of the sulphide liquid and to changing sulphide mineralogy (Dalley et al., 2010; Dare et al., 2012; Boutroy et al., submitted) . In both of these ore systems, the sulphide ores are hosted in igneous complexes that contain Fe-oxides, magnetite (Fe 2 O 4 ) and ilmenite (FeTiO 3 ), throughout the overlying silicate sequence. The examination of these Fe-oxides in intrusions that host Ni-Cu-PGE deposits (i.e. fertile) could provide critical knowledge about the sulphide saturation and segregation history of the intrusion. A comparison of Fe-oxides from these fertile intrusions with those from intrusions that appear not to host Ni-Cu-PGE deposits (i.e., barren) could provide a novel geochemical approach in support of exploration targeting in mafic -intermediate intrusions worldwide.
The objectives of this study focused on:  Investigating whether the trace element geochemistry of Fe-oxides (magnetite and ilmenite), found in intrusions hosting Ni-deposits, record sulphide saturation and segregation, which could then be used to vector towards a sulphide deposit at the base of or in the footwall of the intrusion.  Gaining a better understanding of the evolution of Fe-oxide geochemistry during fractionation of the silicate liquid and the effect of sulphide saturation on the chemistry of the Fe-oxides.  Comparing and contrasting the geochemical signature of Fe-oxides in both barren and mineralized/fertile intrusions of similar composition and genesis, in order to understand whether processes occurred that might generate mineralization. Barren site testing will be an effective method of validating the use of mineral-specific pathfinder elements both within a large intrusion that hosts many deposits and between deposit-hosting and barren intrusions.
STUDY AREAS
The study focused on two well known fertile igneous complexes that contain some of Canada's largest Ni-deposits: the 1.85 Ga Sudbury Igneous Complex, Ontario (Fig. 1) , and the 1.34 Ga Voisey's Bay Intrusion within the Nain Plutonic Suite of Labrador (Fig. 2) . The 1.33 Ga Newark Island layered intrusion, also within the Nain Plutonic Suite, Labrador (Fig. 2) , was chosen to represent a mafic intrusion of similar age, composition and setting to Voisey's Bay but barren of complex, in physical depressions called 'embayments', and in the footwall as veins and disseminations (see review in Farrow and Lightfoot, 2002) .
The recent work of Darling et al. (2010) showed that, although sulphide saturation was widespread in the South Range of the Sudbury Igneous Complex, the largest depletion of chalcophile elements (monitored by whole rock Ni/Ni* and Cu/Zr ratios) was recorded in the Lower Unit norite (0.45 Ni/Ni*) that directly overlay mineralized embayments, i.e., in the Creighton and Gertrude area. Norite located a 4 -6 kilometres away from mineralized embayments are less fertile (i.e. more "barren") as they are less depleted in chalcophile elements (0.65 Ni/Ni*). Truly barren rocks are represented at Sudbury only by the marginal phase of the Offset dykes, which is a quenched quartz diorite (QD) that does not contain sulphides and represents the initial composition of the impact melt injected into radial fractures in the country rock before sulphide saturation (e.g., Grant and Bite, 1984; Lightfoot et al., 2001) . Several phases of magma were later injected in the centre of these Offset dykes, termed inclusion-bearing quartz diorite (IQD), which contain inclusions of the marginal QD, footwall lithologies and blebby sulphides. The IQD dyke phase thus represents the Sudbury magma when it first achieved sulphide saturation (Lightfoot et al., 2001) .
Previous work on the petrography and chemistry of Fe-oxides in the Sudbury Igneous Complex was carried out by Gasparrini and Naldrett (1972) . On the North Range, both ilmenite and magnetite occur together throughout the 3 units of the differentiated melt sheet. However, on the South Range, ilmenite is the only intercumulus Fe-oxide phase in the Lower Unit and magnetite joins ilmenite as a cumulate phase in the oxide-rich Middle Unit. Magnetite is present only in a few cases in the South Range norite but probably exsolved from ilmenite rather than having crystallized from the magma (Gasparrini and Naldrett, 1972) . No explanation was given for the different types of Fe-oxides between the North and South Range. Gasparrini and Naldrett (1972) showed that the composition of Cr and Ti in magnetite, analysed by electron microprobe, varied with stratigraphic height as a result of fractional crystallization of the melt sheet: the Cr content was highest in magnetite at the base of the Lower Unit norite (up to 13 wt.% Cr) and rapidly decreased up section to < 0.05 wt.% Cr in the Middle Unit. By contrast, the concentration of Ti in magnetite increased from 1-2 wt.% at the base to 23 wt.% in the Middle Unit.
Disseminated magmatic sulfides (< 10% of pyrrhotite, pentlandite and some chalcopyrite) are common throughout the Lower Unit on the North Range above a mineralized embayment: from the felsic norite to disseminated ore at the base. By contrast, disseminated magmatic sulfides only occur in the Sublayer at the base of embayment in the South Range and form disseminated ore (Lightfoot and Zotov, 2005) . The formation of Fe-oxides on the margin of sulfide droplets is a common phenomenon at Sudbury. Previous studies (Naldrett, 1969; Naldrett et al., 2000) has attributed this to the diffusion of oxygen out of small droplets of sulfide liquid and its combination with Ti and Fe from the silicate melt to form ilmenite and/or titanomagnetite at the sulfide/silicate margin. However, the chemistry of these Fe-oxides associated with disseminated sulfides has not previously been documented. In much larger accumulations of sulfide liquid, such as in contact-style mineralization, the oxygen cannot diffuse out to the silicate liquid and thus the oxygen content increases upon crystallization of MSS until magnetite also crystallizes directly from the sulfide liquid. The trace elements of magnetite in massive sulfides from both South Range (Creighton mine) and North Range settings (McCreedy East deposits) have recently been determined by electron microprobe and laser ablation ICP-MS by Dare et al. (2012) . The composition of magnetite is controlled by crystal fractionation of the sulfide melt: all lithophile elements (including Ti and Cr) systematically decrease whereas some of the chalcophile elements (such as Sn and Ni) increase.
A total of 69 samples (chosen for mineral chemistry from ~ 150 thin sections) were selected from stratigraphic traverses (both surface exposures or drill core; Ames et al. 2001 Ames et al. , 2002 Vale Ltd.) , from the base of the Lower Unit to the top of the Middle Unit where possible, both directly above (fertile) and away from ("barren") mineralized embayments in the South Range (in the vicinity of Creighton embayment) and North Range (in the vicinity of Levack embayment: Fig. 1 ). A few of these samples were also chosen from the truly barren QD phase and the mineralized IQD phase of the Worthington Offset dyke on the South Range (Fig. 1) . The base of the Middle Unit (TZG) was taken as a paleo-horizontal marker in order to calculate true depth (in metres) above (+ve values) and below (-ve values). A total of 349 samples analysed for whole rock geochemistry from these 3 study areas are compiled in Appendix 4.
2) Voisey's Bay intrusion:
The Voisey's Bay intrusion (1333 Ma) is the oldest and least contaminated mafic intrusion of the Nain Plutonic Suite , Labrador. Upon its discovery, it defined a new tectonic setting for world class Ni-deposits (mafic rocks in anorthosite complexes in anorogenic settings). Numerous studies have described the Voisey's Bay intrusion and its Ni-Cu-Co deposits, e.g., Ryan et al. (1995) , Naldrett et al. (1996) , Li and Naldrett (1999) , Naldrett et al. (2000) , Li et al. (2000) , Lightfoot and Naldrett (1999) and Lightfoot et al. (2012) . However we are the first to characterize the geochemistry of the Feoxides in the host intrusion.
The intrusion contains troctolite, olivine gabbro, olivine norite, olivine ferrogabbro and ferrogabbro. Sulphide mineralization is associated with the more primitive rocks (troctolite/olivine gabbro; Fig. 3 ) in the conduit dykes (e.g., Ovoid Deposit) and at the opening of these dykes into the upper chamber (Eastern Deeps). The Eastern Deeps chamber contains varied-textured troctolite (VTT) in the lower part, which is weakly mineralized (up to 25% sulphides), overlain by normal troctolite (NTT) that grades into olivine gabbro, both of which are sulphide-poor ( Fig. 3b ). Massive sulphides occur at the opening of the feeder dyke into the Eastern Deeps chamber. The upper unit (NTT) is sulphide-poor and is not depleted in Ni (Lightfoot et al., 2012) . Li et al. (2000) proposed that the troctolite (NTT and VTT) in the Eastern Deeps was a fresh surge of primitive magma (undersaturated in S) that picked up sulphides that formed in the lower chamber (Reid Brook Zone) and deposited them in the upper chamber.
However, they suggest that this magma may have interacted with the pre-existing sulphides enriching them in Ni, as the disseminated sulphides in Eastern Deeps have higher Ni tenors than the massive ore of Easter Deeps and the Ovoid. Ilmenite is the dominant oxide, whereas magnetite is rare, with a few layers of massive ilmenite (cumulus) present in the upper part of normal troctolite in Eastern Deeps (Li and Naldrett, 1999) .
A total of 22 samples (Fig. 3c ) of variable-textured troctolite, normal troctolite, olivine gabbro and 1 cross-cutting syenite sill of the Eastern Deeps chamber were selected to make thin sections from 2 drill cores (VB266 and VB254), which are described in detail by Lightfoot et al. (2012) . Lithologies analyzed for mineral chemistry comprise 14 troctolite, 4 olivine gabbro and 1 syenite. Five troctolites (VTT) are S-rich (> 5% sulphides, 0.65 to 7 wt.% S) and the remaining samples are S-poor (0.01 to 0.4 wt. % S). One sample of mineralized 'leopard troctolite' from the Ovoid (provided by S.-J. Barnes) was also analyzed for comparison. A total of 117 samples analysed for whole rock geochemistry from these 2 drill cores are compiled in Appendix 4.
3) Newark Island Layered Intrusion: This intrusion, situated ~ 50 km northeast of Voisey's Bay, is also part of the Nain Plutonic Suite (Fig. 2) . The geology, petrography and mineral chemistry by electron microprobe only of the Newark Island layered intrusion was described by Wiebe (1987, 1988) and Wiebe and Snyder (1993) Troughs that fed the Upper Series (n = 6). Lithologies vary from olivine gabbro (n = 7) to gabbro (n = 9) and oxide-rich gabbro (n = 2). Magmatic sulphides are present in trace amount (< 2 modal %) in some samples and comprise pyrrhotite and chalcopyrite; pentlandite is rare. The extreme low abundance of S in the whole rock (< 0.1 wt.%) of samples from the Hybrid Series indicates that these sulphides are probably intercumulus and that the magma was not saturated in S. However, the Layered Series rocks contain 0.12 -0.62 wt.% S which indicates that these sulphides are cumulus after sulphide saturation. However, there is no significant Ni mineralization present in the Layered Series rocks.
ANALYTICAL TECHNIQUES

A) BULK ROCK GEOCHEMISTRY
The bulk rock geochemistry for rock samples from Sudbury were analyzed by 4 different laboratories (Geological Survey of Canada, ACME, Activation and SGS geochemical laboratories) by standard methods as noted in the database (Appendix 4). 180 samples from the fertile (Table A4 .3).
Whole rock major and trace element geochemistry of 117 samples from the Voisey's Bay intrusion (Table A4 .4) and 96 samples from the Newark Island layered intrusion (Table A4 .5; Fig.   A4 .5) were analysed by Vale Ltd. at SGS geochemical laboratories (for XRF on majors and selected traces, S by combustion and infrared analysis using Leco and LOI by gravimetry) and the Geological Survey of Canada (for ICP-MS analysis after 4 acid digestion). Some of these data (MgO, Ni, Cu and S) were published together with PGE and Au data in Lightfoot et al. (2012) and are available from the Mineralium Deposita repository of unpublished data and the GAC-MAC field guide on Voisey's Bay (Lesher et al. 2008 ).
B) MINERAL CHEMISTRY
Over 170 polished thin sections were examined from the 3 study areas in order to chose samples (107 in total), covering the full stratigraphy where possible, that contained Fe-oxide grains suitable for analysis (i.e., least altered, larger than 80 μm). Brief descriptions and sample locations of the thin sections, and their link to whole rock analyses, are given in Appendix 1.
In-situ determination of trace elements in the Fe-oxides and olivine were carried out on polished thin sections using: 1) electron microprobe (EMP) at Université Laval, Quebec City, following normal protocol described in Dare et al. (2012) ; and 2) laser ablation-ICP-MS (LA-ICP-MS) at Re, 193 Ir, 195 Pt, 197 Au, 208 Pb and 209 Bi. Details of the analytical procedure and detection limits are given in Table 1 . The analysis of certified reference materials (GSD and GOR-128g) presented in Table 2 shows that the accuracy and precision are generally good (most < 10% and only < 15%). For natural magnetite (in-house monitor BC28) the accuracy and precision are generally < 15% for most elements, except Cu which is heterogeneously distributed ( Table 2) . Details of possible isotopic interferences are discussed in Dare et al. (submitted) and summarized here. For Mg, Ti, Cu and Ga, multiple isotopes were monitored and produce the same results (e.g., Tables A4 in Appendix 4). Although there is a possible 47, 49 Ti plus 16 O interference on both isotopes of Cu ( 63,65 Cu), it appears to be negligible as the LA-ICP-MS results for Cu in Ti-rich magnetite (in house monitor BC28) agree with the working values (by INAA). However, at low levels of Cu (< 10 ppm) the 65 Cu isotope is commonly double that of 63 Cu and thus the latter is the preferred isotope. The contribution of 25 Mg plus 40 Ar to 65 Cu is also considered negligible: olivine contains no Cu, as shown by 63 Cu, and thus can be used to estimate that 1 wt.% Mg gives an interference of 0.12 ppm on the 65 Cu isotope. Even for Mg-bearing ilmenite this is less than 10% of the measured value of Cu (> 1 ppm). However, there could be important interferences on 90, 92 Zr and 93 Nb. Dare et al. (2013) showed that the 50 Ti plus 40 Ar interference on 90 Zr can be significant at > 5 wt.% Ti in magnetite and important for ilmenite ( 90 Zr is double the value of 92 Zr: It is important to note that the two in-situ analytical methods give results of different processes at different scales: The small beam size of the electron microprobe (5μm) allowed us to identify exsolution lamellae (ilmenite, spinel) and to analyze the composition of the Fe-oxide host after subsolidus exsolution. By contrast, the larger beam size of the LA-ICP-MS (33-75 μm) ablated both the Fe-oxide and exsolution products and thus represents the original high temperature Fe-oxide that crystallized from the liquid, before subsolidus exsolution processes took place at lower temperatures (e.g., Dare et al., 2012) . Thus the average of the ablation line gives a better representation of the composition of the high temperature magnetite than the electron microprobe. In order to compare LA-ICP-MS results with the electron microprobe results, the latter data were recalculated to include the proportion of exsolution lamellae present in the grain (estimated visually). In general, the results obtained by LA-ICP-MS for Fe-oxides and olivine are in good agreement with those obtained by electron microprobe (Figs. 5 and 6), for concentrations of elements above the detection limit of the electron microprobe.
In order to compare the fertile (Voisey's Bay) and barren (Newark Island) intrusions of the Nain Plutonic Suite, additional silicate (e.g., plagioclase, pyroxene, biotite, apatite) and sulphide minerals were analysed by electron microprobe at Université Laval, Quebec City, using normal conditions of 15kV, 20 nA, a beam diameter of 3µm and counting times of 20s.
RESULTS
The minerals and total number of Fe-oxides, silicate and sulphide minerals analyzed in this study and presented in this Open File is summarized in Table 3 . The mineral databases of laser-ablation ICP-MS results of ilmenite, magnetite and olivine are presented in full in Appendix 2 (Tables A2.1-2 .3). The results averaged per thin section are given below in Tables 4 -8 and also as Excel spreadsheets in Tables A2.4-2.6 of Appendix 2. All values below the detection limit have been replaced by the corresponding value of the detection limit. The entire electron microprobe (EMP) results for the Fe-oxides, silicates and sulphides are given in full and as averages per thin section in electronic format in Appendix 3. The compiled whole rock databases (562 analyses) that compliment this study, and are used to calculate chalcophile depletion ratios (such as Ni/Ni* and Cu/Zr), are given also in Appendix 4 together with information on analytical techniques used and their locations ( Fig. A4 in Appendix 4).
This Sudbury mineral database comprises Fe-oxides analyses from a total of 69 samples of the Sudbury Igneous Complex. Ilmenite (Table 4 ) was analyzed in all of the samples (total of 290 grains) whereas magnetite (Table 6) The Nain Plutonic Suite mineral database comprises Fe-oxide analyses from a total of 38 samples (19 from Voisey's Bay and 19 from Newark Island). Ilmenite (Table 5 ) was analyzed in all of the samples (total of 168 grains) whereas magnetite (Table 7) was less common and present only in 6 samples (24 grains) from Voisey's Bay and 15 samples (76 grains) from Newark Island. In addition, 2 small grains of chromite present in the more mafic samples from Voisey's Bay were analyzed by EMP only. Olivine (Table 8 ) was also analyzed in 15 samples (79 grains) from Voisey's Bay and in 10 samples from Newark Island (46 grains). Silicates other than olivine (plagioclase, pyroxene, biotite and apatite) and sulphides were analyzed by EMP only and the results are given in Appendix 3.
SUMMARY
The TGI4 databases of geochemistry, electron microprobe and laser ablation ICP-MS results generated in this study presented here will be used in a forthcoming journal publication. The following summary of our interpretation of these results was modified from the GAC-MAC abstract presented in May 2013 in Winnipeg, Manitoba in the Special Session on "Magmatic Ni-Cu-PGE-Cr Deposits: Ore-Forming Processes with Implications for Exploration" (Dare et al. 2013 GAC-MAC abstract).
The purpose of this mineralogical study was to investigate whether the geochemistry of Fe-oxides (magnetite and ilmenite) in the intrusions that host Ni deposits record sulphide saturation and segregation and whether this could then be used as an exploration tool to vector towards a sulphide deposit at depth. A suite of 25 trace elements were determined in magnetite and ilmenite, by laser ablation ICP-MS at LabMaTer (UQAC), from a variety of barren and fertile igneous complexes, including two of Canada's largest Ni-deposits: the 1.85 Ga Sudbury Igneous Complex (Ontario) and 1.34 Ga Voisey's Bay (Newfoundland). Other barren igneous complexes investigated (Dare et al., submitted) and that complement this study comprise layered mafic intrusions (Bushveld, South Africa and Sept Iles, Quebec) and anorthosite suites (Saguenay-Lac-St.-Jean, Quebec) that host Fe-Ti-V-P deposits, some of which contain trace amounts of magmatic sulphides but no Ni-Cu-PGE deposits. Mafic rocks of the 1.33 Ga Newark Island layered intrusion (Newfoundland) were also studied as they are similar in composition and setting to Voisey's Bay but barren of Ni Cu-PGE deposits.
In sulphide-undersaturated magmas, Cu, Sn, Mo and Zn are incompatible during fractionation and thus increase in concentration in both magnetite and ilmenite. Upon sulphide saturation and the formation of a trace amount of sulphide, only Cu is depleted in the silicate magma relative to the other incompatible elements. Cu depletion as recorded by Fe-oxides is a sensitive indicator of sulphide saturation and can be diagnostic of whether a Ni-bearing sulphide deposit formed if the Cu depletion occurred early. By contrast, Ni and Co are compatible during fractionation, partitioning into olivine, orthopyroxene and, where present, sulphide, and their concentration steadily decreases in the Fe-oxides together with Cr. Fe-oxides from barren complexes plot on a single Ni-Cr trend but Fe-oxides from fertile complexes, hosting Ni-Cu-PGE deposits, plot on a parallel Ni-Cr trend displaced to lower Ni concentration. Ni depletion is therefore recorded in Feoxides and has the potential to identify intrusions with buried Ni-sulphide mineralization. The advantages of using Fe-oxides as an exploration tool include their resistance to post-magmatic processes such as alteration and their preservation and easy recovery in glacial till. Wiebe, R.A. and Snyder, D., 1993 . Slow, dense replenishments of a basic magma chamber: the layered series of the Newark Island layered intrusion, Nain, Labrador. Contributions to Mineralogy and Petrology, v. 113, p. 59-72. 57 Fe was used as the internal standard using the following values: 9. Table 4b cont: Average composition of ilmenite (concentration in ppm) by LA-ICP-MS analysis from Sudbury Igneous Complex ("Barren" areas away from mineralized embayments) Abbreviations: N = Number of analyses; DL = detection limit for a range of beam sizes; NTT -normal troctolite; VTT -varied-textured troctolite; Ol -olivine; Fa -fayalite-rich 6 Abbreviations: N = Number of analyses; Fo = Mg/(Mg+Fe+Mn) determined by electron microprobe; DL = detection limit; std = standard deviation represents natural variation within thin section; NTTnormal troctolite; VTT -varied-textured troctolite; Ol -olivine; Fa -fayalite-rich
